Introduction
============

In dental implant treatment, the surface characteristics and biocompatibility of implant materials are the most important factors in successful osseointegration.[@B1] Titanium is the most commonly used material for existing dental implants because of its outstanding capacity for osseointegration. The installation of implants made with non-absorbable material in children still in their growth period can lead to lower sedimentation of the implant, caused by the growth of surrounding alveolar bone.[@B2] Moreover, a case report has been published describing how an ankylosed implant inhibited the alveolar bone, preventing it from undergoing the growth that was occurring elsewhere in the jaws.[@B3] Currently, no proper implant treatment method is available in pediatric dentistry for replacing lost deciduous teeth.

Absorbable implants can minimize the side effect of lower sedimentation, since the implant is absorbed internally after placement. We have been developing an implant made with absorbable material that can be absorbed even in cases of lower sedimentation. Implants of bio-absorbable ceramics have already been used in orthopedics. Tricalcium phosphate (TCP) becomes part of the bone after being absorbed,[@B4] and polylactic acid (PLA) induces over 50% regeneration in regions with bone loss.[@B5],[@B6] The strength reduction characteristic of a TCP implant can be minimized by conjunction with PLA.[@B7] Other synthetic biodegradable materials such as polyglycolic acid and polycaprolactone are able to undergo chemical decomposition in the body.

Osseointegration is critical to the success of dental implant treatment and has been well studied, with ongoing research and development.[@B8],[@B9] The osseointegration capacity of implants made from non-absorbable material has been studied extensively.[@B10],[@B11],[@B12],[@B13] Two-dimensional (2D) histomorphometric analysis has been widely used to examine thin specimens due to its high spatial resolution and contrast.[@B14],[@B15] Bone-implant contact (BIC) and bone area (BA) have been quantitatively measured to evaluate osseointegration based on 2D histomorphometric images. However, the use of this technique to evaluate osseointegration has the disadvantages of requiring complex equipment and specimen preparation. Moreover, the rather destructive process of specimen fabrication makes it difficult to reproduce the specimen. Unfavorable changes or damage may also occur at the interface of the bone and the implant surface when preparing and sectioning the specimens. The most important disadvantage is that only a limited area can be analyzed, because most of the specimen is lost during preparation.

A three-dimensional (3D) analysis method using micro-computed tomography (micro-CT) images has been developed[@B16],[@B17],[@B18],[@B19] and exhibits a high correlation with the results of histomorphometric analyses.[@B20],[@B21],[@B22] Generally, a threshold method is used in micro-CT analysis to separate the areas of the bone and the implant.[@B16],[@B17],[@B18],[@B19],[@B20],[@B21],[@B22] However, the simple threshold technique used in previous micro-CT analyses cannot be used to segment the areas of absorbable implant and bone, because the voxel intensities of the implants are similar to those of bone and the voxel intensity of the implants exhibits intrinsic inhomogeneity. Therefore, a new analytical technique is necessary to measure the osseointegration of absorbable implants.

In this study, we have developed a new method to segment the areas of absorbable implants and bone using region-based segmentation of micro-CT images. We evaluated the osseointegration of absorbable implants over the entire implant surface by analyzing segmented micro-CT images. The results of the micro-CT analysis for the absorbable implants were compared with those obtained through histomorphometric analysis.

Materials and Methods
=====================

In this study, we used a special implant developed for stable positioning and favorable bone regeneration. The upper part of the implant was manufactured with grade IV titanium, whereas the lower part was composed of a PLA-TCP nanocomposite ([Fig. 1](#F1){ref-type="fig"}). The upper part of the implant had a mini-implant shape with a length of 5 mm and a diameter of 3.5 mm. Hybrid nanopowders, made of a 30% mixture of PLA-TCP, were melted into the nanocomposites to form the implant substructures. Seven beagle dogs (average age, 2 years; average weight, 13 kg) were used as experimental animals. All animal experiments, including animal management and surgical procedures, were approved and performed under the guidelines of the Institutional Animal Care and Use Committee of Seoul National University. Xylazine hydrochloride (Rumpen, Bayer Korea, Seoul, Korea) mixed with ketamine (Ketalar, Yuhan, Seoul, Korea) was injected into the veins of the dogs, and the second and fourth premolars were extracted from the left and right lower jaws. The operation was followed by an eight-week healing period. Three months after the extraction, 28 implants were placed. Seven implants broken during placement were excluded from the subsequent experiment. The animals were sacrificed four, eight, or 12 weeks after implant placement. The bones, including the implants, were cut to obtain samples, which were fixed in 10% formalin solution for 48 hours. The samples were scanned at 70 kVp and 141 µA, using a Skyscan 1172 micro-CT scanner (Skyscan, Kontich, Belgium). The micro-CT image had a pixel size of 9.86 µm and 12-bit depth. A non-placed implant was also scanned for use as a control image.

The micro-CT images were processed to separate the implant area from the bone area for the quantitative 3D analysis of osseointegration. The areas of the bone and implant were segmented by a region-based method, using a region-growing algorithm.[@B23] This method segmented the bone and implant by taking a seed region as the initial segmentation, and then iteratively added all the connected voxels whose intensity fell within a dynamically defined range.[@B23] Holes were generated inside the implant area, as the seed boundary values of the segmentation did not include TCP particles with greater than normal brightness. The holes were filled using a region-labeling method[@B24] that automatically merged similar segmented regions.

The overall procedure for separating the implant area from the bone area was as follows. First, the reconstructed image was passed through a smoothing process, using a curvature flow filter to reduce the influence of noise ([Figs. 2A and F](#F2){ref-type="fig"}). The images were then segmented into bone and implant areas using an area-based confidence connected segmentation method ([Figs. 2B and G](#F2){ref-type="fig"}).[@B23] After segmenting the implant area, holes were generated inside the implant area ([Figs. 2C and H](#F2){ref-type="fig"}). The holes were filled using a region-labeling method ([Figs. 2D and I](#F2){ref-type="fig"}).[@B24] The boundary between the bone and implant areas was smoothed using the morphological operations of erosion and dilation. If one of the four-connected neighbors of a pixel in the implant area was a bone pixel, that pixel was determined to belong to the area of bone-implant contact ([Figs. 2E and J](#F2){ref-type="fig"}). The segmented areas of the bone and implant underwent 3D reconstruction after all steps of the image processing were applied to the axial slices of the micro-CT images.

The volumetric absorption (VA) of an implant was calculated by comparing it to the volume of a reference implant that was not placed (Eq. 1). The volumetric bone-implant contact (VBIC) ratio was defined by comparing the area of the implant surface boundary in direct contact with the bone to the total area of the implant surface (Eq. 2). The VBIC ratio was calculated over the entire surface area of the implant, not over a partial sample of selected threads. All parameters were measured only for the volume of the lower absorbable implant, after the titanium in the upper portion of the implant was excluded.

*V~ref~*: the total volume of the reference implant not placed

*V~imp~*: the total volume of the placed implant

*S~bone~*: the area of the implant surface in contact with bone

*S~imp~*: the total of the implant surface

The samples were also sliced for 2D histomorphometric analysis. 2D optical images of the slices were analyzed and recorded at a magnification of 100× using an optical microscope (BH-2TM, Olympus Optical, Osaka, Japan). The images were analyzed with the ScopeEye image analysis software (Tecsan, Seoul, Korea). 2D BIC and BA were measured based on the conventional histomorphometric method.[@B25] For statistical analysis, ANOVA was performed using SPSS version 19 (SPSS Inc., Chicago, IL, USA) in order to evaluate variation in the mean implant healing period. Pearson\'s correlation analysis was also performed to assess correlations between the 3D and 2D measurements.

Results
=======

[Table 1](#T1){ref-type="table"} shows the distribution of the implants that were used for analysis and placed in the lower jaw of the beagle dogs. The reconstructed volumes of bone and the implants after segmentation were rendered in 3D, and the 3D reconstructed images were organized to reflect variation in the healing period ([Fig. 3](#F3){ref-type="fig"}). In the images, we observed an increase in implant absorption as the healing period increased. The extent of absorption of an implant after eight weeks was shown to be quite different from that indicated by the initial 3D implant thread positions. The mean VA values of the implant area were 23.46±5.[@B25]% at four weeks, 38.89±2.46% at eight weeks, and 41.94±4.51% at 12 weeks after implant placement, showing a significant increase as the healing period was extended (p\<0.05) ([Table 2](#T2){ref-type="table"}). The mean VBIC values were 17.67±3.20% at four weeks, 25.23±4.36% at eight weeks, and 36.18±4.33% at 12 weeks. The mean VBIC also increased significantly as the healing period increased (p\<0.05) ([Table 2](#T2){ref-type="table"}).

The mean 2D BA values according to histomorphometric analysis were 62.07±8.43% at four weeks, 72.25±27.91% at eight weeks, and 82.01±21.34% at 12 weeks after implant placement ([Fig. 4](#F4){ref-type="fig"}). The BA values increased over time, but did not show a statistically significant relationship with the length of the healing period (p\>0.05) ([Table 3](#T3){ref-type="table"}). The mean 2D BIC values were 30.57±6.59% at four weeks, 32.20±9.13% at eight weeks, and 35.50±10.63% at 12 weeks. Similarly to the BA values, the BIC values increased over time, but this relationship was not statistically significant (p\>0.05) ([Table 3](#T3){ref-type="table"}). [Table 4](#T4){ref-type="table"} shows the Pearson\'s correlation coefficients between the 3D micro-CT measurements and the results of 2D histomorphometric analysis. VBIC was highly significantly correlated with VA (p\<0.05) ([Fig. 5](#F5){ref-type="fig"}) and was significantly correlated with 2D BIC (p\<0.05). 2D BA exhibited no correlations with the other parameters.

Discussion
==========

Surgical technique, quality and quantity of bone, and osseointegration of the implant are important factors in successful implant treatment. In particular, osseointegration is known to be affected by factors such as the surface characteristics and biological compatibility of an implant.[@B1] Increased roughness on the surface of an implant tends to increase BIC.[@B26],[@B27] The recently developed method of acid etching uses surface corrosion to increase osseointegration.[@B28],[@B29] There has been less interest in assessing implant treatment in the jaws of children than in the jaws of adults. It is necessary to develop implants that can be used for the treatment of congenital and accidental tooth loss during the growth phase. The installation of implants made with non-absorbable material in children can lead to lower sedimentation of the implant, caused by the growth of the surrounding alveolar bone.[@B2] In addition to this, ankylosed implants may inhibit the alveolar bone, preventing it from undergoing the growth experienced elsewhere in the jaws.[@B3] Absorbable implants can minimize the side effect of lower sedimentation, since the implant is absorbed internally after placement. We have been developing an implant made of absorbable material that can be absorbed even in cases of lower sedimentation. This new type of implant is currently under a preclinical trial in order to gather more data that would justify a clinical trial.

In general, a threshold method is used in micro-CT analysis to segment the areas of the bone and implant.[@B16],[@B17],[@B18],[@B19],[@B20],[@B21],[@B22] An adequate threshold for the bone and implant is selected by superimposing segmented images over the original grayscale images.[@B30],[@B31] The threshold technique used in micro-CT analysis cannot be used to separate areas of absorbable implant and bone. The histogram of these areas does not present the clear bimodal characteristics of metal implants, because the voxel intensities of absorbable implant material are similar to those of bone in micro-CT images. Additionally, the absorbable implant area displays an intrinsic inhomogeneity of voxel intensities that is not found in areas with a metal implant, since absorbable implants are composed of composite materials. Therefore, if an absorbable implant is present, is not possible to accomplish segmentation by directly using the threshold method, which is based on the presence of homogeneous voxel intensities. In order to solve these issues, we employed a region-based segmentation method that uses region-growing and region-labeling algorithms. Finally, the area of bone-implant contact determined by the segmentation results was validated by visual inspection after superimposing the contact area over the original unsegmented image. We were able to determine the area of bone-implant contact over the entire surface of the implant by segmenting the micro-CT images with inhomogeneous voxel intensities using the region-based method.

Evaluations of BA and BIC through histomorphometric analysis are the parameters most widely used to measure osseointegration. In this study, histomorphometric analysis did not show that the BA and BIC of the absorbable implant significantly increased during the healing process. The exact positioning of the absorbable implant thread and its radius setting were difficult to measure in the 2D histomorphometric analysis of BA and BIC, because the thread morphology of the implant changed during healing through processes of absorption and distortion. This difficulty may have resulted in the lack of statistical significance. In order to overcome these problems in the histomorphometric analysis, the entire volume of the implant was taken into account when calculating the VBIC ratio and VA using micro-CT analysis. The 3D VBIC ratio and VA, as measured by the micro-CT method, increased significantly during healing. Moreover, the 3D measurements of VBIC and VA using the micro-CT analysis were highly correlated with each other, despite continuous changes in the morphology of the implant. This implies that the 3D osseointegration and absorption of the absorbable implant increase simultaneously at the implant surface during healing.

Nonetheless, the 3D VBIC ratio for the absorbable implant was significantly correlated with 2D BIC. However, other correlations among the results of the two methods were weak. The histomorphometric analysis provided only 2D measurements for the sectioned slices. Measurements using only fractional slices cannot indicate the total absorption or total BIC of the absorbable implant. The lack of statistical significance regarding osseointegration over time and the lack of correlation between the two measurement systems may have been caused by the inherent limitations of histomorphometric analysis, which is based on 2D measurements.

In conclusion, we were able to quantify VBIC and VA for an absorbable implant using micro-CT analysis based on a region-based segmentation method. Osseointegration was evaluated over the entire surface of the implant, which may overcome some limitations of histomorphometric analysis applied to absorbable implants. In future studies, we will apply the method described here to overcome the limitations of micro-CT analysis of the BIC around metal implants. These limitations are mainly related to metal artifacts in computed tomography images, and overcoming them may enable the more accurate assessment of VBIC in metal implants.
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![An absorbable implant consists of a titanium upper part and a polylactic acid/tricalcium phosphate (PLA-TCP) lower part.](isd-45-7-g001){#F1}

![Smoothed micro-computed tomography image of the absorbable implant in axial (A) and coronal (F) slices. Segmented images of the bone in axial (B) and coronal (G) slices. Segmented images of the implant in axial (C) and coronal (H) slices. Hole-filled images of the implant in axial (D) and coronal (I) slices. The implant surface in direct contact with the bone in axial (E) and coronal (J) slices](isd-45-7-g002){#F2}

![Three-dimensional rendering of the reconstructed volumes shows the bone and implant after segmentation.](isd-45-7-g003){#F3}

![Histomorphometric images show the absorbable implant (100×) at four weeks (A), eight weeks (B), and 12 weeks (C) after placement.](isd-45-7-g004){#F4}

![The relationship between the volumetric bone-implant contact ratio (VBIC, %) and volumetric absorption (VA, %) (Pearson\'s correlation=0.46, p\<0.05).](isd-45-7-g005){#F5}

###### Distribution of the placed implants used for analysis
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###### Volumetric absorption (VA) and volumetric bone-implant contact (VBIC) of the absorbable implants evaluated with micro-CT analysis, by treatment period (mean±SD)
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###### Two-dimensional bone area (BA) and bone-implant contact (BIC) of the absorbable implants, evaluated with histomorphometric analysis, by treatment period (mean±SD).
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###### Pearson\'s correlation coefficients between two-dimensional histomorphometric and three-dimensional micro-CT analyses, including bone-implant contact ratio (BIC), bone area (BA), volumetric bone-implant contact ratio (VBIC), and volumetric absorption (VA)
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^\*^p\<0.05
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